We demonstrate the controlled enhancement of photoresponsivity in a graphene photodetector by coupling to slow light modes in a long photonic crystal linear defect cavity. Near the Brillouin zone (BZ) boundary, spectral coupling of multiple cavity modes results in broad-band photocurrent enhancement from 1530 nm to 1540 nm.
of perturbations in the PPC lattice at a spatial frequency of k x = π/2a serve to scatter the light vertically upward 27 . This additional loss is also used to match the extrinsic and internal photon loss rates to approach the critical coupling regime of the graphene-cavity system 25 , as discussed below.
We characterized the PPC cavity using a vertical cross-polarization confocal microscope with a broad-band (super-continuum laser) excitation source, as illustrated in Fig. 1(a) .
Vertical incident light was coupled at 45
• to the cavity polarization and collected at -45
• to minimize background light reflected without coupling into the polarized cavity modes 28 .
The reflection was analyzed using a commercial spectrometer with a resolution of 0.05 nm. Fig. 2(a) shows the reflection spectrum of the PPC cavity before (blue) and after (green) graphene deposition. Multiple peaks at a wavelength range between 1520 nm and 1550 nm correspond to the resonant modes within the PPC bandgap. After graphene is transferred onto the cavity, the resonant peaks are lowered and broadened, as expected for excess loss in the cavity due to graphene absorption. For the multi-mode cavity used in this experiment, the intensity reflection coefficient R(ω) can be obtained quantitatively from coupled mode for an ensemble of cavity modes coupled to a common waveguide mode 29 ,
where κ cj denote the intrinsic cavity decay rates of mode j and η j are the coupling efficiencies between these cavity modes and the approximately Gaussian modes of the microscope objective. Graphene induces additional cavity loss rates κ cgj and cavity resonant frequency shifts ∆ω j . With ∆ω j = 0 and κ cgi = 0, we experimentally extract ω 0j , κ cj and η j for different modes by fitting the cavity reflection spectra prior to loading with graphene. The fit by Eq. (2) is displayed as the red curve in the top panel of Fig model described above, the absorption coefficient into graphene (the fraction of vertically incident light that is ultimately absorbed in graphene) can be expressed as
We can now deduce the absorption of graphene as a function of input wavelength using the parameters extracted from the reflection curves in Fig. 2 (a) and 2(b). As shown in Fig.   2(d) , the absorption of graphene normalized by the microscope-cavity coupling efficiency η (red) is plotted with the measured photocurrent in graphene (blue). The overlap between the two curves indicates that the photocurrent enhancement originates from the enhanced absorption of graphene in the PPC cavity. The graphene detector operates with a broad bandwidth over the entire cavity modes in the photonic band gap. As the wavelength approaches the band edge of the photonic crystal, the free spectral range of the resonant peaks become smaller, resulting overlapping of resonant peaks. Therefore, the photocurrent is enhanced over a broad spectral range of about 10 nm, as shown in Fig. 2 
(c).
A spatial mapping of the photocurrent in Fig. 3 elucidates the coupling mechanism into the cavity modes. Figure 3 and then separated by the local electric field. Therefore photocurrent is generated in the channel area shown in Fig. 3(b) and left half of Fig. 3(c) . Since the metal leads cover only approximately 50% of the graphene sheet on the PPC cavity, half of the graphene sheet has nearly zero photocurrent when laser excites these areas, as shown in the right half of Fig.   3 (c) and Fig. 3(d) . However, the bright spot at the end of the cavity defect in Fig. 3(d) indicates that photocurrent is generated when light couples into the PPC cavity through the input coupler. In this graphene-cavity system, as indicated in Eq. (2), the maximum absorption into graphene occurs when κ c /κ cg = 1 with a value of η. Therefore, the cavity design was optimized by introducing additional loss via the directional couplers at the ends of the cavity to match κ c and κ cg while increasing η. The ratio of κ c /κ cg for the device described in this study is 1.3 and the coupling efficiency η is 0.04 29 . Because of low vertical coupling efficiency, the responsivity of our device is 0.6 mA/W, corresponding to an internal quantum efficiency of 0.35 %. We plot two traces from Fig. 3(b) (red) and 3(d) (magenta)
in Fig. 3(e) to compare the photocurrent due to single-pass absorption of graphene and its enhancement after coupling to the cavity. The trace across the PPC cavity coupler in Fig.   3 (d) is normalized to η. As shown in Fig. 3(e) , the photocurrent enhancement can reach a maximum factor of 25 when the coupling efficiency is maximized. In practical devices, the coupling efficiency η can exceed 45% with an on-chip edge coupler or tapered fiber coupling 30 , indicating that overall efficient light detection is possible. It is important to note that in our device, the photocurrent is generated in the middle of the graphene channel, above the cavity line defect. However, as observed in Fig. 3(a) , the photocurrent exhibits stronger response in the vicinity of the metal electrodes. We attribute this enhancement to the built-in electric potential introduced by the doping of the metal on graphene 31, 32 .
This indicates that it will be possible to further improve the performance of this graphene detector by placing the metal electrodes closer to the edge of the cavity.
In conclusion, we have demonstrated up to eight-fold enhancement of photocurrent in a graphene photodetector by coupling of the graphene absorber to a photonic crystal cavity. Compared to single-pass absorption, we estimate that if light were efficiently coupled into the defect state, i.e. η ∼ 1, the absorption efficiency could reach as high as 95% with 
